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Biogeography is a crucial aspect to ecological studies, as an ecosystem is comprised of the physical habitat, the organisms living 
there, and the interactions of these components. Community structure, and therefore functioning, are inherently of a spatial nature. 
Spatial structure of populations is often crucial basic knowledge for understanding the evolutionary history, dispersal patterns, and 
resilience of any given species. One aspect of spatial structure, and the topic covered in this study, is community distance decay, 
or the rate at which community similarity decreases with physical distance.  
 
More of the landscape is constantly being altered by humans on a large scale, so it is increasingly important to understand the 
effects that these anthroprogenic changes to the environment has on local populations. Studying community distance decay helps 
form understanding of dispersal and establishment limitations for different organisms, which is necessary for mitigating biodiversity 
loss. Many studies show that habitat fragmentation and loss has greatly impacted the structure of plant and animal communities, 
but there has been much less focus on fungal communities. There’s no certainty that fungi is impacted in the same ways, given the 
different lifestyles and dispersal methods, so the aim of this study is to contribute to the much needed research on fungal 
community structure at various scales. 
 
This aim is addressed by examining fungal community distance decay from small scale of a couple kilometers or less to a fairly 
large scale encompassing a landscape of primarily urban, forest, and agricultural areas. The five main localities of sampling were 
in middle and southern Finland: Helsinki, Lahti, Tampere, Jyväskylä, and Joensuu. Sampling locations and plot design were 
chosen to allow the comparison of communities separated by a mosaic, as well as along a short rural to urban gradient, to assess 
the effects of habitat type. From each location, six plots were decided, two in urban core, one in urban edge, two in natural core, 
and one in natural edge.  
 
The role of dispersal ability and functional traits in distance decay is also studied by comparing results from two different methods 
of fungi sampling, which were collecting spores from the air using cyclone samplers, and taking soil cores to gather fungal 
biomass. All samples were DNA analysed with high-throughput sequencing and the results from the DNA barcoding were used to 
create OTU clusters, by which the 30 plots could be compared through relative abundances of OTU’s.  
 
I determined the similarity of fungal communities using an analysis of similarity (ANOSIM) test in R, where all possible variables 
(site, habitat type, sample type) were used as a grouping in individual tests, thereby indicating which variable is associated with 
highest community difference. I also determined the differences in functional groups and major taxonomic levels among locations 
and sampling method using interactive taxanomic (KRONA) charts.  
 
Results showed that there are differences in fungal community structure among habitat type and sampling type. However there 
was greater difference at the level of plots than site locations, so clear patterns of strong community distance decay with physical 
distance was not measured in this study.  
 
The results suggest that fungal communities can be fairly impacted by human caused habitat change, and individual 
characteristics, such as dispersal methods or lifestyle, effect the rate of community distance-decay. This provides a valuable early 
insight into fungal community patterns, which need deeper study to understand the complexities and mechanisms behind them. 
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Introduction 
1. Causes and patterns of spatial structure in ecological communities 
Understanding the spatial structure of communities is an essential component for the study of 
biological processes, ecosystem functioning, and evolution. Spatial ecology examines the pattern 
dynamics of biological communities and environmental factors at different spatial scales, such as 
regional, global, or local landscapes (Meentemeyer et al, 1987; Wiens 1989). At a level of 
landscape ecology, patterns are typically considered within a mosaic of habitat patches (Picket 
&Cadenasso, 1995; Xiao et al., 1997). There is increasing interest in how mosaic structure can 
influence plant, animal, and fungi population distribution, and simultaneously how biological 
processes like dispersal and establishment create patch dynamics (Dale & Fortin, 2014).   
Distance-decay, in ecology, is the decreasing similarity in communities with increasing 
physical distance (Nekola & White, 1999; Soininen & Hillebrand, 2007; Morlon et al., 2008). It 
is one important aspect of biogeography, which should aim to encompass both patch 
characteristics and individual organism attributes (Wiens et al., 1993). Distance-decay rates will 
be greatly affected by the nature of the matrix, with things like patch size and connectedness 
determining an organisms’ ability to move between and persist within habitat patches (Nekola & 
White, 1999).  
2. Known patterns of distance decay 
Two main categories of cause for distance-decay have been identified and studied: difference in 
environmental similarity, such as a latitudinal or climatic gradient (Qian & Ricklefs, 2007; Qian 
et al., 2009), and spatial configuration, relating more to size and composition of habitats within a 
landscape (Garcillán & Ezcurra, 2003). While the former can be addressed with long-term 
competition and evolution studies, this study will address the latter by studying how fungi are 
distributed across a habitat matrix with relatively similar environmental conditions.  
2.1 Other taxa 
There have been many studies examining the distance-decay patterns of specific taxa, functional 
groups, and species (Green et al., 2004; Novotny et al., 2007) finding that all can be impacted 
differently by landscape features.  
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Dispersal ability is known to be a major factor for distance decay in plant communities. 
One component is individual mechanisms, with spore plants and microseeded plants having 
much lower rates of distance decay than those relying on larger fruit (Nekola & White, 1999). 
Fungi, primarily dispersing through spores, would likely have distance-decay patterns 
resembling the spore plants and microseeded plants.  
In addition to individual mechanisms, species distribution can be impacted by a wide 
range of external biotic and abiotic factors, such as environmental degradation and abundance of 
symbiotic species (Pérez‐del‐Olmo et al., 2009). Habitat fragmentation is one external factor, 
which in combination with dispersal ability, impacts community similarity in many taxa like 
plants (Nekola & White, 1999; Chust et al., 2006), pollinator insects (Jauker et al., 2009), and 
fish (Kornis et al., 2015) 
2.2 Fungal and microbial 
In general, the distance decay of some microbial communities, including fungi, is similarly 
impacted by the same external factors as other taxa. The common main factors of distance decay, 
particularly changes of environmental similarity, hold true for the distribution of fungal 
communities, such as distance from the equator, which is one of the major factors in overall species 
richness (Taylor & Gaines, 1999), and applies also specifically to ectomycorrhizal fungi (Bahram 
et al., 2013; Tedersoo et al., 2014). Ectomycorrhizal fungi also rapidly changes in distribution and 
abundance along a forest productivity gradient (Kranabetter et al., 2009) and altitudinal gradients 
(Bahram et al., 2012). At a smaller scale, community composition of wood-decay fungi differs 
with physical distance and habitat factors such as dead-wood resources and forest management 
style (Abrego et al., 2014) 
3. How fungal dispersal patterns effects community structure 
3.1 Fungal spore dispersal 
Fungi disperse through the air by means of spores, released from fruiting bodies called 
mushrooms. There is increasingly more interest and research into spore dispersal patterns, 
environmental limitations, and establishment success (Edman &Ericson, 2004; Vernes & Dunn, 
2009; Peay & Bruns, 2014; Norros et al, 2015), but there are still large gaps in the knowledge. 
Limitations in small-scale spore dispersal and establishment mean some wood-decay fungi may 
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have difficulty colonizing fragmented habitats and habitat edges (Norros et al, 2012). Spore 
dispersal limitation also drives community dissimilarity in some Basidiomycete fungi (Peay & 
Bruns, 2014). Therefore, studying fungal spore similarity throughout mosaic landscapes may 
give insight on whether these patterns hold true for most fungal species across a hierarchical 
scale. 
3.2 Fungal soil patterns 
The study of spatial variability of soil communities is relatively recent, lagging behind other 
aspects of spatial ecology, but its importance should not be underestimated in the whole 
ecosystem biogeography. Of the studies which look at soil fungi variability with distance, most 
have focused on vertical, rather than horizontal, difference (Jumpponen et al, 2010; Santalahtiet 
al., 2016) However there are some studies that answer how fungal soil communities change over 
horizontal space, mostly focused specifically on mycorrhizal fungi (Bahram et al., 2013; 
McGuire et al., 2013; Bahram et al., 2014). Spatial variability is higher in the topsoils than at 
greater depths (Bahram et al., 2014), possibly demonstrating the importance of environmental 
heterogeneity in fungal community similarity.  
4. Effects of urban vs. natural habitats on ecological communities 
Urban environments differ in many fundamental ways from surrounding areas with less human 
impact. Many aspects of ecological function are impacted by urban land use (Alberti & Marzluff, 
2004), and researchers have acknowledged the importance of studying urban settings as unique 
ecosystems (Niemelä, 1999; Breuste et al., 2008).  
 4.1 Biotic factors 
Distinct biodiversity patterns exist in urban environments. Research on urban vegetation trends 
found that urban environments, particularly towards the core, have more exotic species and less 
native species (Rudnicky & McDonnell, 1989; Kowarik, 1990; Rapport, 1993). Many types of 
fungi rely on plants as hosts, and unsurprisingly, plant host density is much lower in urban areas 
compared to forested counterparts (Bahram et al., 2013). 
           Soil communities in urban areas differ from those in rural areas in some ways that impact 
fungal populations. Cities have slower litter decomposition (Carreiro et al., 1999) and lower total 
fungal biomass (McDonnell et al., 1997). Further differences in fungi can be expected from 
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interactions with other soil organisms. Earthworms, which have higher abundance in urban areas 
(Steinberg et al., 1997; Baxter et al., 1999), change fungal composition through mycophagy 
(Bonkowski et al., 2000) and their effects on litter decomposition and soil nitrogen (Willems et 
al., 1996). Nematodes, which vary in trophic function, have a lower fungivore to bacterivore 
ratio in urban soils (Pavao-Zuckerman & Coleman, 2007). 
 4.2 Abiotic factors 
Urban patches generate their own microclimate, often with higher temperature, known as the 
Urban heat island effect (Oke, 1973), moisture, and pollution levels. (Taha, 1997). Heat and 
moisture have a large role on the success of air dispersal of fungi, and the same factors that trap 
pollution particles could cause more spores to be retained. Therefore, the microclimate of urban 
areas could likely lead to different spore assemblages. Furthermore, structural features such as 
buildings may serve as dispersal barriers.  
Soil composition also changes with urban land use. Along an urban to rural gradient, 
there are higher concentrations of heavy metals and higher acidity towards the core (Pouyat et 
al., 1995). Urban soils differ in basic nutrients, too, with more phosphorous and higher rates of 
nitrogen mineralization (Pouyat et al., 1995; Wernicket al., 1998). These things likely result in 
different soil fungal communities. 
5. The purpose of this study 
5.1 Aims 
The aims of this study are to 1) increase understanding of the individual spatial processes of 
fungi across many functional groups, both by studying community distance-decay at local and 
regional scales, and by comparing fungi found in soil to spores in the air 2) contribute to the still 
relatively few studies of impacts from urbanization and landscape fragmentation on fungal 
community structure. Despite the increasing body of literature on fungal biogeography, there are 
still large gaps in our knowledge about large-scale distribution of species and how they are 
impacted by environmental factors (Peay et al., 2010). Studies such as this, analyzing 
distribution over a regional scale and differentiating between habitat types, will help address 
parts of this question. 
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5.2 Hypotheses 
H1: Populations of fungi in the study area will exhibit the pattern of decreasing community 
similarity with increasing distance, following broad trends of community distance decay in 
studied organisms.  
H2: Functional groups of fungi will be differentially affected by ecosystem patch mosaics and 
fragmentation. 
H3: Samples of soil fungi will have higher rates of distance decay than spore samples. 
H4: Distance-decay will vary along an urban to rural gradient, with rates increasing with 
proximity to urban cores. 
Materials and Methods 
6. Field Sampling 
6.1 Site Selection & Plot Design 
Sampling was conducted in five locations across southern Finland: Helsinki, Lahti, Tampere, 
Jyväskylä, and Joensuu. The locations were selected to create a network of sampling which 
allows comparison between many different distances, ranging between 70 kilometers apart at the 
nearest locations and 350 kilometers at the furthest locations. This range was chosen in order to 
cover large enough distances to see the effect of distance-decay on fungal communities, while 
also keeping sites close enough, particularly in terms of latitude, to be in similar climatic regions. 
All study locations are within three degrees of latitude to minimize effects of climatic gradient, 
so observed community differences are more likely due primarily to dispersal limitations or 
patch effects.  
Each location includes an urban site and another site without much urban development, 
hereafter referred to as the natural site. In this study, urban areas are determined by population, 
and the five locations are within the fifteen largest cities in Finland (World Population Review, 
2019). The natural sites are forested areas neighboring the urban counterpart.  
Table 1: Population data comes from Official Statistics of Finland (OSF): Population structure 
[e-publication].  
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TOTAL POP. 
(31.12.2018) 
POP. DENSITY 
(PEOPLE/KM2) 
LATITUDE  
 
HELSINKI 648 042  2,934 60.17° N  
 
LAHTI 119 951  262.35 60.98° N  
 
TAMPERE 235 239 448.76 61.50° N  
 
JYVÄSKYLÄ 141 305  120.73 62.24° N  
 
JOENSUU 76 551  32.14 62.60° N  
 
 
Samples were collected at three plots in each site. The plots were selected so that two are 
very close to each other, ca 1-2 km apart in the core of the site, and one is ca 10 km from the 
others, on the edge of the habitat type. The assessment of core and edge was made based on 
geographic distance to the city center or where habitat type began to change from city to 
suburban or from suburban to forest. This design allows for more fine-scale analysis of 
community changes that might happen at much smaller distances than between the five major 
locations. Furthermore, this creates an urban to rural gradient to observe impacts of urbanization 
on fungal communities.  
At all thirty plots, four replicates were taken of both soil and air samples, except for four 
because of technical problems, resulting in 116 air samples and 120 soil samples. Of these, 
ninety of each sample type were chosen to be DNA analyzed, capturing within-week 
comparisons and between-week comparisons. 
All samples were collected at the end of August, during a time with a relatively high 
volume of mushroom fruiting bodies to maximize spore quantity. 
6.2 Spore Sampling 
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Spore samples were collected using cyclone samplers (Burkard Cyclone Sampler for Field 
Operation, Burkard Manufacturing Co Ltd; Emberlin & Baboonian, 1995), which actively collect 
airborne particles, including fungal spores, from the surrounding air and deposits the contents 
into an Eppendorf tube. Early studies by the Global Spore Sampling Project have been successful 
in using this method to assess fungal distribution and dispersal (Abrego et al., 2018; Ovaskainen 
et al., 2020). 
Samplers were placed on the ground, in areas with enough space around for sufficient 
airflow, and sterile Eppendorf tubes in the collection chamber were used to contain the sample. 
Sampling was conducted in 24-hour periods for two consecutive days and a total of eight days in 
each location, alternating between natural and urban sites. On day one, three samplers were set 
up at each urban site and operated for two days. At the end of the sampling day, 24 +/- 1 hours, 
the sample tube was collected, closed, labeled with a unique ID, and replaced. After two samples 
were collected from each, they were switched to the natural counterparts to repeat the process for 
two 24-hour samples. The cyclone chamber was cleaned between sites to avoid contamination. 
After the first round of samples were collected from every site, the sampler batteries were 
recharged for one day, before conducting a second round of sampling to get replicates from each 
site, following the same design. The spore samples were kept cool until lab processing, and then 
stored in –20 C freezers, until sending them for DNA analysis.  
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Figure 1: Photographs of the Burkard Cyclone Samplers running in the field during sample collection. On 
the left is a natural forest plot near Helsinki (N2), and on the right is a plot in downtown Helsinki (U2). 
6.3 Soil Sampling 
Each time spore samples were collected, soil samples were taken in the same plots, within ten 
meters of the cyclone sampler. Soil was taken from patches that seem to be representative of the 
immediate area. The additional replicates per 10-meter plot can capture more variation in soils, 
which may only be spatially autocorrelated up to two meters in in boreal and temperate 
ecosystems (Häkkinen et al., 2011). 
 First litter was removed from the soil surface, and then soil cores were collected with a 
2.5 cm diameter cylinder, to 5cm depth (or until reaching rock). Three subsamples were 
collected within a 1-meter square for each sample. The three subsamples were homogenized and 
pooled in the field. They were kept in cool storage until processing in the lab.  
7. DNA Extraction & Sequencing 
7.1 Sample preparation 
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First samples were processed in the lab. For soil, two milliliters were taken from the composite 
sample and added to a final sample tube and freeze-dried for 48 hours at 0.57mbar vacuum and -
80°C temperature. These dried samples were stored in –20° C freezers until being shipped for 
DNA analysis. 
Spore sample tubes were cleaned of larger items (eg: arthropods). First, sterile water was 
added to the sample tube and then the sample was put on Vortex to ensure that spores were 
released and not removed with the larger items. Then the large items were taken from the tube 
using sterile tweezers. After being cleaned, spore samples were covered with parafilm and 
freeze-dried for 24 hours at 0.57mbar vacuum and -80°C temperature. Dry samples were stored 
in –20°C freezers until being shipped for DNA analysis. 
7.2 DNA pipeline  
Samples were sent to the University of Guelph in Ontario, Canada, where extraction and analysis 
was carried out on the ITS region of fungal DNA, following the protocol for soil from Ivanova et 
al (2008) and the protocol for air used in the Global Spore Sampling Project (Ovaskainen et al, 
2020). More detail can be found in Appendix B. 
7.3 Clustering and species identification 
 OTU sequences were identified to taxonomic classifications with the statistical tool PROTAX-
fungi, or PRObabalistic TAXonomic placement (Abarenkov et al., 2018), which uses the most 
up-to-date taxonomic classification system (IndexFungorum) and a reliable reference sequence 
database, UNITE (Somervuo et al., 2017), to place OTUs in a taxonomic group. Taxonomic 
classifications are also given a probability of correct identification, accounting for missing 
reference sequences or unknown species, and only sequences which could be reliably (>90%) 
classified into a known fungal phylum were included in analyses. 
For the purpose of qualitative analyses, KRONA wheels (Ondov, et al., 2011) were 
constructed with seven-levels of taxonomy, showing percentages of taxonomic groups within the 
overall composition (Fig. 2). Taxonomic classifications are ranked on a confidence scale and 
assigned a color corresponding to the ranking. These graphs were created for each location and 
separated by soil and air samples, for ease of qualitative comparisons.   
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Figure 2: Above is a snapshot of the interactive KRONA charts, in which the order Agaricales has been 
selected and lower levels of taxonomy and their percentage of representation in the DNA is shown. 
 
8. Statistical Analysis 
Of the 180 samples, six were excluded from analyses because of sequence failure, resulting in 
less than 10,000 sequences in each of those samples. With the remaining, two matrices were 
created, one containing total DNA amount per sample, and one containing relative abundances, 
so that sums of each row were one. Comparisons between sites, habitat types, and sample types 
were made based on relative abundance, or proportion of total fungal sequences, rather than raw 
number of OTUs.  
To measure the differences in community composition, the analysis of similarity 
(ANOSIM) test was used from the R package “vegan.” The test was run multiple times, with all 
parameters staying the same, except for the grouping, which changed to address each variable 
being considered as a possible cause of community dissimilarity. As air and soil samples were 
not directly comparable, data was first separated into two tables based on sample type, and then 
each test was run individually for each type.  
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Results 
9.  Qualitative observations  
9.1 Patterns by location 
Across all locations, most sequences unsurprisingly belonged to Basidiomycota and 
Ascomycota. These dominant phylum trends somewhat follow the patterns of global soil fungal 
distribution, which Tedersoo et al (2014) reported as follows: Basidiomycota (55.7%), 
Ascomycota (31.3%), Mortierellomycotina (6.3%), and Mucoromycotina (4.4%), with the 
exception that in all study areas here, and both sampling methods, Ascomycota was represented 
by a higher proportion of OTU's than Basidiomycota.  
9.2 Patterns by sampling type 
As statistical analyses could not be applied to quantitatively assess differences between air and 
soil samples, observations were made from the KRONA charts. There were already noticeable 
differences at the level of phylum. In three of the five locations, soil samples had a relatively 
large proportion of OTU’s classified to Zygomycota. In all cases this group was primarily 
composed of Mucorales and Mortierellales, which more recently have been recognized as their 
own phyla. Tampere had the largest proportion of Zygomycota, comprising 19% of all sampled 
soil fungi, followed by Joensuu at 10% and Jyväskylä at 4%. Helsinki and Lahti overall soil 
fungi profiles were less than <1% Zygomycota. Despite variation between locations, the 
presence of this group of fungi was a clear difference between soil and air, where it was always 
negligible. The difference is likely explained by lifestyle and distribution characteristics, since 
Mucorales and Mortierelles are mostly saprotrophs of soil detritus. Some Zygomycota species 
contain their spores in droplets of water and do not rely on air dispersal, but rather small animals 
(Malloch, 2020), which are more reliable in their habitat. 
More distinctions between soil and air were found within phylum. Of Basidiomycota, 
both air and soil are, in every case, majority agaricomycetes. This aligns with global surveys of 
fungi, in which agaricomycetes are proportionally the largest major taxonomic group across all 
biomes (Tedersoo et al., 2014). However, the composition of agaricomycetes is where I found 
repeating patterns of major discrepancy between air and soil, and still further major differences 
among locations.  
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Soil agaricomycetes were composed of between 10% (Joensuu) and 37% (Tampere) 
Atheliales, which was further broken down to mostly ectomycorrhizal lineages like Piloderma, 
Tylospora, and Anphinema fungi. While some of these fungi produce spores, it’s unsurprising 
that they were well-represented in soil profiles, where they spend most of their life, and barely 
present in the air samples. This result aligns with a survey of corticioid fungi in North America 
that also found that soil samples were predominately ectomycorrhizal (Rosenthal et al., 2017). 
On the other hand, agaricomycetes in air samples were always majority Polyporales (ranging 
from 36-52% of agaricomycetes), an order which never reached one percent of fungi in soil 
samples. Again, this trend is intuitive, from the lifestyle of polypores, which typically grow on 
wood and produce large spore-releasing fruit bodies.  
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10.  Quantitative analyses 
Fungal soil communities are more similar among locations (R=0.11, p=0.001) than among 
habitat types within a location. Air samples have even greater similarity of relative abundance 
among locations (R=0.08, p=0.001). The biggest differences are seen in between individual plots 
for soil (R=0.57, p=0.001), but not so much in air (R=0.18, p=0.001). In soil, community 
composition is fairly different between samples from different habitat types (R=0.38, p=0.001), 
but whether the sample is taken from the core or edge of the habitat does not make a bigger 
impact (R=0.24, p=0.001). In air samples, the difference in relative OTU abundance based on 
habitat is much lower (R=0.08, p=0.001) than soil. 
 Discussion 
The primary hypothesis (H1) at the start was that like with many other studied organisms, 
community composition would change in relation to the physical distance between community 
sampling points, which was not well demonstrated by this study. While locations reached 
distances of over 300 km apart, the relative abundance of OTU’s within these communities was 
not considered different based on the analysis of similarity. Most likely this result is due to the 
high dependence on landscape characteristics, which in terms of land-use patches, elevation, 
dominant vegetation, etc., are relatively homogenous in southern Finland.  
Statistical analyses could not address differences in functional groups, because of the 
limitations of working with datasets containing only unspecified OTU’s, therefore the hypothesis 
that functional groups would be differently affected by distance and habitat characteristics (H2) 
could not be quantified. However, qualitative analysis of KRONA charts did allow observations 
to be made indicating that fungal functional groups differ, substantially between sample type, 
and slightly between location. KRONA charts had urban and natural effects compiled within a 
site, making comparison of functional group between habitat type impossible. It has been 
previously found that climate, soil, and vegetation factors are strong predictors of the 
composition of functional groups (Tedersoo et al., 2014), and richness of ectomycorrhizal versus 
saprotrophic groups are related to soil acidity and plant host richness (Wardel & Lindahl, 2014) 
it would be valuable to use similar methods but separate habitat types in the qualitative analysis 
tools, so see if the different factors in urban settings strongly impact functional composition. 
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Analysis of similarity tests on relative abundance showed that soil samples were more 
different for all variables than air samples, providing evidence in support of the hypothesis that 
rates of distance-decay would be higher in soil samples than in air samples (H3).  
As expected, the communities were different between urban and natural sites. While I 
hypothesized that community change would follow an urban to rural gradient (H4), this was not 
the case. Where differences were found, it was not gradual with urbanization, but rather a change 
immediately between urban, including edge and natural, including edge. As the differences 
between habitat type was more pronounced in soil types, the reason probably has less to do with 
the physical barriers to spore dispersal, and more about the differences in soil habitat 
characteristics. This is likely due to more variability in urban plots, than in forest plots which 
often had large, unbroken patches of homogenous forest cover. 
In addition to the overall increased variation, urban soil has different properties in terms 
of pollutants, likely leading to further differences in which fungal species thrive.  In the urban 
area of Helsinki, pollution leads to higher quantities of SO2 and NOx and certain heavy metals, 
which researchers found to be associated with lower soil respiration rates and less total fungal 
hyphae (Fritze 1988).These pollution effects dissipate away from city center and high traffic 
areas rapidly enough to be noticeable on the scale of this study’s within-location sampling area; 
Viikki (Helsinki urban edge) has nearly double, and Helsinki core sites have three to four times 
higher NOx  concentrations compared to Nuuksio area (Helsinki natural sites) (Manninen et al., 
2013). Inventories of fungi based on fruit body and sporocarp collection has previously shown an 
increase of saprotrophs and a decrease of ectomycorrhizal species towards emission sources, 
along a pollution gradient near Oulu, Finland (Tarvainen et al., 2003). Pollution from industry 
and travel could be one reason why fungal communities were different from natural at each 
urban site. What is surprising is that this trend was noticed across all urban areas, despite the 
differences in urban patch size and population density.  
Certain statistical analyses were limited, both by the data format in some cases where 
there was only OTU’s and no species information, and by the complexity necessary to calculate 
exact rates of change by precise distance. These would be areas for further studies to address 
more in-depth for future endeavors.  
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While these results demonstrate some of the current differences in fungal communities 
across various scales, the causal mechanisms for dispersal need more study. To disentangle 
underlying key drivers of ecological processes, contributing environmental conditions must be 
individually examined (Kivinen, 2007) 
Because of the large effects observed from urbanization, insight may be gained by taking 
measurements of the microclimate in the same plots where fungal samples are collected. With 
these results, we know that the urban environment has an impact on fungi, but the precise 
mechanisms can only be guessed, using the still small body of information on what conditions 
impact fungal community establishment and structure. Therefore, more specific effects within 
the urban environment could be analyzed with additional data on atmospheric and soil 
conditions, including temperature and humidity, chemical composition, pollution, etc.  
Similar studies, accounting for the broad fungal kingdom, should be conducted over 
longer periods of time and throughout all parts of the year. This study is only a snapshot of 
fungal community structure. Temporal effects can have a major impact on mushroom phenology, 
so from year to year there may be significant differences in the time when fungi fruits and 
releases spores (Pinna et al., 2010).  Soil fungal communities in boreal forests also demonstrate 
temporal shifts, with saprotrophs dominating during the winter, and mycorrhizal dominating 
during the plants’ growing season (Santalahti et al., 2016). Capturing many snapshots throughout 
the year could possibly show more difference in both spore samples and soil samples throughout 
the seasons. 
Finally, similar types of studies should be conducted on fungal communities in more 
regions and climates. The region of Finland in this study is relatively homogenous in terms of 
habitat type and landscape mosaic. While this was useful for the purpose of minimizing certain 
external factors and maximizing likely effects from individual and dispersal characteristics, 
similar studies carried out in landscapes with more steep habitat gradients or dispersal barriers 
will contribute other patterns to help create a more complete picture of fungal community 
distance decay, from which more conclusions about contributing factors can be drawn. Since 
most Finnish cities, including three of the five used for this study (Lahti, Joensuu, and Jyvaskala) 
do not satisfy the criteria of urban used more broadly, such as the definition from the European 
Commision, which classifies urban clusters as having 300 inhabitants or more, per square 
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kilometer (Dijkstra & Poelman, 2014). As the strongest pattern of community change was 
between natural and urban habitats, even in these areas where the urban area is relatively small 
with low populations, effects of urbanization may be less pronounced here than other studies 
which consider denser and more impacted urban areas. 
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Appendix B 
 
Excerpt from Ivanova (2008) DNA extraction protocol: 
Air samples were processed as described in our GSSP manuscript. Soil samples were extracted 
as follows: 
One 3/8’ sterile stainless steel bead and 3-5 ml of ILB+1%PVPP buffer with 25 µl of Proteinase 
K (20 mg/ml) per each 1 ml of buffer were added to each sample. Soil samples were 
homogenized on Genie 2 vortex on max speed for 5 min. Tubes were incubated at 56°C for 2 
hours on the orbital shaker, followed by 2 hours incubation at 65°C. Tubes were centrifuged for 
5 min at 2000 xg  and a volume of 200 µl of each lysate was transferred to a 500 µl Eppendorf 
deep-well plate using Biomek NX; 100 µl of lysate from each replicate was mixed with 200 µl of 
5M GuSCN Plant Binding buffer and applied to a 96-well Acroprep plate with 1 µm Glass Fiber 
membrane (PALL) for DNA binding. The washes were conducted at 5000xg as described in [1] 
with the following modifications: 1st wash – 300 µl of 5M GuSCNbuffer; 2nd wash – 300 µl of 
plant PWB; 3rd and 4th washes – 600 µl of WB. After the last wash plate was incubated at 56°C 
to dry the membrane; DNA was eluted in 80 µl of 10 mM Tris-HCL pH 8.0. 
Because some soil samples contained too much soil in the tube, DNA was not completely 
purified from humic acids, resulting in dark brown DNA extracts. 
Therefore 70 µl of each DNA extract was transferred to a  500 µl Eppendorf deep-well plate 
containing 70 µl of 1% ILB + PVPP and 280 µl  of 5M GuSCN binding buffer; 1st wash - 150 µl 
of 5M GuSCN binding buffer, followed by two washes with 600 µl  of WB. After the last wash 
plate was incubated at 56°C to dry the membrane; DNA was eluted in 70 µl of 10 mM Tris-HCL 
pH 8.0. 
 
 
